A computational fluid dynamics model of the middle chamber of a triplex positive displacement reciprocating pump is presented to assess the feasibility of a transient numerical method to investigate the performance of the pump throughout the 180 of crank rotation of the inlet stroke. The paper also investigates, by means of computational fluid dynamics, the pressure drop occurring in the pump chamber during the first part of the inlet stroke in order to gain a better understanding of the mechanisms leading to cavitation. The model includes the compressibility of the working fluid and the lift of the inlet valve as a function of the pressure field on the inlet valve surfaces. It also takes into account the valve spring preload in the overall balance of forces moving the valve. Simulation of the valve motion was achieved by providing the solver with two user-defined functions. The plunger lift-time history was defined by the crank diameter and connecting rod length. This paper will demonstrate the feasibility and reasonable accuracy of the method adopted by comparison with experimental data.
Introduction
The objective of the following analysis is the simulation of a single actuated reciprocating pump, 1 which is employed in applications where a high delivery pressure is needed. This kind of pump is typically composed of three in-line cylinders, sometimes therefore referred to as a triplex pump, each with a single actuated plunger driven by a rotating crank and a connecting rod that provides the plunger with the reciprocating motion. In a triplex pump, plungers usually act with a different angle of phase. During the suction stroke, the flow fills the chamber through a non-return inlet valve that is self-actuated (the valve moves when the differential pressure exceeds a spring preload). During the delivery stroke, a self-actuated outlet valve opens to deliver flow to the outlet line when the plunger compression overtakes the outlet valve spring preload.
Because of their application, positive displacement pumps (PD pumps) are subjected to significant problems mainly due to high crank speed and high delivery pressure. One of the common issues related to the high flow velocity is cavitation and the pitting and corrosion which usually results from it.
In particular, the cavitation phenomenon occurs when the pump acts in operating conditions where the local pressure in the pumped fluid falls below the saturation pressure for the local temperature. When this occurs, the liquid flashes to vapour as localised boiling occurs. This creates a large number of vapour bubbles within the flow field which will be carried downstream with the flow. If the bubbles pass into an area where the pressure within the flow field increases above the fluid saturation pressure, the bubbles will collapse as the vapour turns back into the liquid phase. When the bubbles collapse, they create a very high localised pressure. If this happens in the middle of the flow field, then the only effect that may be observed is a fizzing or hissing sound. However, if the bubble collapse occurs next to a surface, surface damage in the form of localised pitting will occur. This pitting will not only cause localised material erosion but, the stress concentrations created, may lead to the development of corrosion and fatigue cracking.
Via experimental tests, Opitz et al. 2 suggested two possible and different causes leading to cavitation:
1. Cavitation due to expansion. The acceleration and the high inertia of the plunger, along with the delay in the inlet valve opening results in the expansion of the chamber and a drop in pressure which may achieve the vapour pressure limit. 2. Cavitation due to pseudo-adhesion in the valve gap. This condition occurs in the initial part of the valve lift when the gap between the valve face and the seat is still small, and the velocity of the flow through it is high enough to induce a high dynamic pressure, which brings down the static pressure (Bernoulli's effect). The conditions for cavitation may then be fulfilled.
Once the cavitation conditions were achieved, Opitz et al. 2 distinguished three types of cavitation: incipient, partial and full cavitation. The first type is harmless because the pressure exceeds the vapour pressure for a very short time; the partial cavitation is characterised by the complete formation of vapour bubbles, which disappear completely before the inlet stroke comes to an end. The partial cavitation may be harmful depending on where the bubbles collapse. In the full cavitation, the vapour cavities still remain in the pump chamber after the outlet stroke has started, this kind of cavitation should be avoided.
Although it is generally accepted that the origin of cavitation lies in the beginning of the suction stroke, the cavitation phenomenon and especially the damage it causes in positive displacement reciprocating pumps remains insufficiently understood. Opitz and Schlu¨cker 3 demonstrated, by means of experimental tests, that cavitation up to a certain level as discussed by Opitz et al., 2 is not harmful. Therefore, the prevention of all kinds of cavitation would limit unnecessarily the design and performance of the pump.
The aim of this study is to create, develop and validate a technique of analysis based entirely on CFD, capable of investigating the operating conditions causing the reduction in pressure which generates cavitation. The CFD model will be able to show the transient behaviour of the pressure drop and therefore highlight the zones where cavitation may occur. As demonstrated in this paper, the CFD model discussed is accurate enough to take into account the dynamics governing the inlet valve lift history, which is related to the pressure reduction. 4 In the past, many tools have been designed to analyse plunger pumps behaviour. They range from experimental rigs to analytical 1D procedures in which all parts making up the set of the parts involved in the moving of the fluid (inlet manifold, inlet and outlet valves, cross bore, plunger, outlet pipe), sometimes referred to as the fluid end, are treated either as distributed parameters or one-dimensional (1D) finite elements. Analytical models usually do not account for the real shape of the pump as they treat the geometry of the part they are dealing with (e.g. inlet pipe, valve or cross bore, etc.) as a parameter summarising the overall dimensions (e.g. length, diameter, etc.). Also, a large amount of them account for mutual interaction among the parts by means of the iterative coupling of analytical models.
Johnston 5 developed a mathematical model to simulate the pumping dynamics of positive displacement reciprocating pumps based on a lumped parameter and 1D technique. The model was composed 'of a number of inter-linked mathematical models representing the pump components'. However, Johnston based his work on experimental tests, which were utilised to calculate parameters in order to close the analytic model of the valve flow rate. Furthermore, the proposed model did not account for the interaction between the pump and the pipeline which was not included.
Edge and Shu 6, 7 presented a distributed parameter model of pipeline transmission and an analytic model of the pump showing a time-domain simulation of pipeline pressure pulsation in pumping dynamics. Edge and Shu's work improved what was earlier carried out by Johnston as the importance of the interaction between the pump and the pipeline was demonstrated. Their model was based on a Galerkin finite element method, which makes use of a uniformly spaced grid (1D) system with two degrees of freedom (flow rate and pressure). The results presented demonstrated the good accuracy of the model in terms of pumping dynamics mainly due to the real complexity of their model accounting for the pipelinepump interaction and fluid inertia. On the other hand, it is to be pointed out again that the main limitation of a 1D approach lies on the treatment of each part of the pump as a distributed parameter; therefore, these methods cannot be applied in cases when topological optimisation procedures need to be carried out.
Where geometry optimisation is required, experimental tests appear to be the sole choice. Price et al. 4 have been involved in valve shape optimisation work that was carried out by means of experimental tests. Their work relied on the assumption that underpressure and over-pressure spikes strongly depend on pumping dynamics that, in turn, are affected by valve shape and mass. Therefore, an accurate model accounting for valve dynamics and geometry was essential and the method that the authors found appropriate was experimental. According to them, pressure spikes are the result of several combined effects including:
. Plunger side/line side dynamic pressures . Differential area (unbalanced valve area) . Acceleration of valve disc (due to change in running speed) . Spring preload and stiffness . Valve mass Experimental tests revealed an important effect, which influences valve dynamics: sticktion. It is also known as the Bernoulli's effect, and it is due mainly to valve and seat geometry, flow properties, fluid properties and the valve lift velocity. Price's experimental tests dealt with a series of different designs of valve and valve seat aiming at minimising Bernoulli's effect and the consequent 'valve lag', which is considered a cause of cavitation. Thus, the complexity of the valve and seat design tested implied that an analytical 1D approach would have been insensitive to geometric features.
The increasing computational resources that researchers and engineers can rely on have made advanced CFD techniques affordable. Furthermore, high performance computing systems give sufficient computational resources to the analyst to analyse complete CFD models of the pumps. Nowadays, techniques such as dynamic meshes and customised CFD solvers via user-defined functions (UDF) are commonly used. 8, 9 The potential of CFD techniques, developed in recent years, are becoming capable of creating models as detailed as experimental tests and, sometimes, analysts can even replace experimental tests by CFD models.
Singh and Nataraj 10 carried out a study on the performance of a plunger pump by means of CFD. Their model accounted for the geometry of the pump chamber and the initial part of the inlet and outlet pipes, the valve design was absent in the fluid volumes as their effect on the flow was modelled via a UDF. Their model did not take into account the compressibility of the working fluid.
The work being presented tried to overcome the fore-mentioned limitations of the analytic methodologies. It succeeded in setting up a CFD model that was more comprehensive, i.e. more accurate than the ones presented in the technical literature. It aimed at achieving the accuracy of experimental tests in order to provide engineers with a cheaper tool in the design of PD pumps capable of bringing to their attention more and reliable information than that available from experimental tests.
This paper presents a detailed transient CFD model of a PD pump accounting for:
1. The 180 crank rotation of the inlet stroke (half pumping cycle). 2. The complete model of the middle chamber of the pump composed of: the inlet pipe, the inlet valve and seat, the chamber and the plunger, all parts modelled by means of the executive CAD model, accurate in all their geometric features. The model did not consider the outlet valve and the outlet pipe presence as the simulations carried out dealt with the inlet stroke only, which is where cavitation may occur. The action of slurries, which are usually pumped by this device, was not considered.
This paper primarily points out the chosen method to evaluate the interaction, which occurs in the fluid end and focuses on the fluid dynamics of pumping. As demonstrated by Edge et al. 7 and Shu et al. 6 as well as Price et al., 4 the pressure field in the pump chamber affects the dynamics of the valve and the latter has an effect on the former that is non-negligible in most cases. Therefore, a two-way coupling between the pressure fields and the valve dynamics is crucial to achieve good accuracy. Edge and Shu succeeded in linking the dynamic model of the valve with a 1D model of the system pipeline-pump, while the exposed method linked the dynamic model of the valve to a 3D transient CFD model of the pump, which relied on good accuracy in terms of geometric details. The correlation between the two models was managed via a UDF.
The resulting technique does not have the limitations of the analytic models and provided detailed post-processing results, which showed low pressure zones where cavitation takes place. On the other hand, the method may be used as an initial stage of a topological optimisation procedure with results difficult to be obtained by means of a distributed parameter method.
The paper being presented is the first step of a much wider programme of work, which aims at studying the phenomenon of cavitation by means of CFD models to find the best valve geometry and pump design, which lower the generation of water vapour as cavitation arises. Decreasing the amount of vapour produced reduces the cavitation while pitting decreases the operative life of the device. It also indirectly increases the pump performance as the volumetric efficiency of the pump is considerably affected by the presence of vapour in the pumping chamber. The results shown in this paper will demonstrate the feasibility, reliability and the potential of the discussed CFD model, which may be considered ready for a second step of the project that will add the multiphase cavitation model to the original single phase model to create the complete numerical model handling the geometry optimisation process. This second step is beyond the scope of the presented paper, which will focus on the one-phase basic model filling the gap in the free technical literature where, as far as the authors know, such a comprehensive CFD model of PD pump is missing.
Theory

Governing equations
In the fluid dynamic model of the flow, the hypothesis of continuous and isothermal fluid was made, the Reynolds-averaged method along with a standard k-" model was chosen to deal with the velocity fluctuation due to turbulence to solve for the Reynolds stress tensor as it provided better convergence over the k-o model. The working fluid (clean water) was considered as single-phase Newtonian. The set of the Reynolds-averaged Navier-Stokes equations (RANS) for incompressible fluid results (see appendix for notation) are
According to ANSYS, 8 an essential modification of the standard set of equations (2) to (6) was needed to account for liquid compressibility. A PD pump chamber is, in fact, a closed volume until the valves open. Because of valve inertia there are parts of the pumping cycle (e.g. the beginning of the inlet stroke) when the inlet and outlet valves are both closed, in these cases a compressible model of the liquid is crucial to fulfil the continuity equation. A compressible model is also essential in cases of very high delivery pressure.
The hypothesis of slightly compressible flow was made. The density, , constant in equations (2) to (6), was replaced with a suitable function of pressure (P). The slightly compressible flow hypothesis considered the density affected by the pressure and the latter non-conditioned by the density variation. The coupling density-pressure may be considered one way.
The explicit function of equation (7), managed via a UDF, was considered for this purpose
Equation (7) comes from the definition of the modulus of compressibility of water (bulk modulus) B given in equation (8)
To transform equation (8) into equation (7) the hypothesis of constant bulk modulus with respect to the change in pressure was made.
The unknown quantities U x , U y , U z , P, k, " were calculated by means of iterative solution of the set of equations (1) to (6) while the density was treated explicitly by equation (7), which utilised the result of the pressure field calculated by the pressure correction equation.
Model
The middle chamber of the triplex pump represented in Figure 1(a) was composed of the inlet and outlet opening, inlet and outlet valve assembly (with the valves initially pushed against their seats by a preloaded spring) and a plunger. The schematic of the symmetry plane section of the mentioned items is shown in Figure 1(b) .
As previously stated, the model focused on the initial 180 of crank rotation of the inlet stroke during which the plunger moved from its maximum distance from the crank shaft axis (top dead centre or TDC, 0 crank rotation) to its minimum position from the shaft axis (bottom dead centre or BDC, 180 crank rotation), thereby increasing the volume of the chamber by the displacement volume. During the induction stroke the volume of the chamber expanded to let in the flow once the inlet valve spring preload was overcome, the TDC and BDC configuration of the pump are shown in Figure 1(b) .
As shown in Figure 2 the fluid volumes were obtained from the solid ones by means of Boolean operations and meshed. Since the simulation ended at 180 of crank rotation when the inlet stroke was complete, the outlet valve was kept closed and the volumes downstream of the outlet valve were subtracted from the overall model (Figure 2) . The boundary conditions were applied on the surfaces shown in Figure 1 (b): a fixed pressure was chosen on the inlet opening area, an outlet type boundary condition was absent as the outlet pipe was not modelled. The mass continuity was guaranteed by the expansion of the chamber, which was simulated by moving the top plunger surface along its axis.
A hybrid hexa/tetra mesh was chosen for the fluid volumes. Figure 3 shows the fluid volumes decomposition pattern chosen to deal with the moving mesh. The complexity of the design did not allow a full hexahedral mesh throughout the whole pump, which is essential to deal with moving mesh techniques. A full hexahedral mesh was chosen to mesh cylindrical-shaped volumes in the proximity of moving surfaces while a tetrahedral mesh was utilised for everything else. The displacement of the plunger was simulated by creating, stretching and destroying layers of hexahedral cells 11 from the moving plunger top surface. The rate of cell growth was governed by the 'in-cylinder' technique, 9 which calculated the plunger displacement shown in Figure 4 (a) by means of the reciprocating motion parameters provided (crank diameter, rotational speed, connecting rod length and initial phase).
A sensitivity analysis on the mesh was performed to find the optimal mesh spacing comprising the two opposite requisites of good accuracy and low computational time. Table 1 shows a brief summary of the tested meshes. According to the results of the mesh sensitivity analysis test, the authors decided to carry out the present discussion with the model equipped with the mesh number 2 of Table 1 . Therefore the results presented in the section dedicated to them refer to that mesh.
Similarly, the lift of the inlet valve was simulated by creating and destroying layers from the bottom and top of the valve volume surfaces indicated in Figure 3 as well as the valve-seat gap surfaces. To ensure the volume continuity across the valve at initial time, at zero valve lift, a 0.254 mm thick volume was placed between the valve seat and the valve body and Figure 3 . The fluid volumes were further decomposed in the pattern shown, the deforming volumes were subjected to the mesh layers creation/destruction in the direction indicated by the arrows while the volumes subjected to rigid motion strictly followed in the same direction. meshed, the expansion of this volume made possible the simulation of the valve lift increment, which is visible in Figure 3 . The choice of the initial thickness was balanced as a compromise to fulfil the sensitivity of the software used for the pre-processing operations and the need to obtain an unaltered geometry of the valve-seat system at zero lift. To avoid the flow between the chamber and the inlet manifold at initial time, a cylindrical wall type check surface within the gap was created. The surface ensured a zero flow across the valve at zero lift, and was switched to an interior type surface where the incipient motion condition was achieved (pressure forces integral matching the spring preload) to allow the flow across it. When the valve was in motion the layer creation technique was applied to the gap volume in a similar manner described for the plunger. Figure 3 also highlights the volumes subjected to a rigid translation, which followed the layers growth of the deforming volumes in order to keep the valve design unchanged.
To deal with the two-way coupling problem discussed in the introduction, a UDF was provided to govern the valve layering and valve body volume lift. The hypothesis of 1D dynamics equation of the valve movement was made as it was thought to move along its axis of symmetry, while the translation along the perpendicular axis and the three rotations were neglected. The dynamics equation (9) results
F P was calculated by means of integration of the pressure forces on the valve surfaces and was updated every time step. F S , the spring force, was a known non-linear function of the valve stretch as shown in Figure 4 (b) and was updated every time step. The UDF, called once per time step, also integrated equation (10) of motion of the inlet valve
The result of the integration was the current valve position x ½i needed to update the mesh layering algorithm and fix the spring force for the next time step. In the force balance of equation (9), the structural damping of the spring as well as the damping due to friction between the valve body and the seat, were neglected.
As the induction stroke started on completion of a delivery stroke, the initial chamber pressure was considered equal to the outlet delivery pressure: 6:89 Â 10 6 Pa (1000 lbf/in 2 ) whereas the inlet pressure (volume upstream of the inlet valve) was initialised to be equal to the pressure inlet surface boundary condition: 6:89 Â 10 5 Pa (100 lbf/in 2 ). A brief summary of the calculation steps taken are:
1. Initialisation: The chamber was initially set at 6:89 Â 10 6 Pa while the inlet volume was kept at 6:89 Â 10 5 Pa, the integral of the pressure and spring forces over the valve surfaces pushed it against the seat, valve lift was zero. The plunger began its stroke according to the displacement/crank revolution relationship shown in Figure 4 (a). 2. As the plunger moved, the chamber decompressed until the integral of the pressure and spring forces on the valve surfaces changed sign, the check surface was switched from wall type to interior, the valve started to move while the flow filled the chamber. 3. Valve lift speed increased as the plunger accelerated and achieved the maximum velocity at 79 of crank rotation, afterwards the valve slowed down and reversed the motion. 4. As the chamber pressure increased, the inlet valve closed and the valve hit the valve seat and stopped. The mass flow across the small gap was stopped as the check surface type was switched back to wall.
Solution controls and methods
Because of the wide range of values of the flow velocity, y þ varied significantly in space and time ranging from a minimum of 0 and a maximum of 960. Therefore, the enhanced wall treatment (11) was utilised for the near wall function. The enhanced wall treatment adjusted the standard wall function in cases where their basing hypothesis were not achieved, i.e. slow flow velocity, y þ <100. The finite volume commercial code ANSYS-Fluent 14 was chosen to solve the mathematical set of equations discussed in the previous section. The solution methods adopted can be summarised as follows:
1. First-order Euler implicit scheme for the transient formulation with a time step of 4 Â 10 À5 to ensure stability. 2. Second order upwind spatial discretisation scheme for momentum, turbulent kinetic energy and turbulent dissipation rate. 3. A SIMPLE scheme for pressure-velocity coupling.
4. An absolute convergence criterion and residuals of 1 Â 10 À3 for momentum, turbulent kinetic energy and turbulent dissipation rate.
A 12 GB RAM computer with an Intel Xeon W3670 at 3.2 GHz processor was employed for the calculation.
A brief summary of the settings controls is shown in Table 2 .
Results
Numerical results
The authors chose to reference all the unsteady quantities of Figures 4 to 8 to the crank rotation instead of the time as they were linearly proportional via the angular velocity of 260 r/min (27.22 rad/s).
The pressure history in the pump chamber against crank rotation was chosen as it described the action of the pump and the valve lift history; the inlet flow, according to the crank rotation, was also chosen as relevant monitor function.
The monitor point to record the pressure-time history was placed inside the chamber in the vicinity of the TDC plunger position.
As shown in Figure 5 (a) and (b), during the initial 10 of crank rotation, the pressure inside the chamber decreased with the plunger displacement while the valve remained on the seat. At 10 of crank revolution the valve lifted off of the valve seat, a negative pressure spike occurred followed by damped pressure oscillations, which ended at 50 of crank rotation. Afterwards, the chamber pressure slowly approached the inlet manifold pressure throughout the remaining 130 of the inlet stroke with a slightly increasing trend. The negative and non-physical pressure spikes were the result of the one-phase model used, which is not able to account for the vapour created during cavitation which fixes the minimum allowable pressure at the vapour level. Figure 6 shows an offset of 10 between the chamber mass flow rate history and the theoretical mass flow rate. Furthermore, the flow stopped filling the chamber with a 5
delay compared to what is predicted by the theory assuming a 100% volumetric efficiency. The mass flow also experienced the oscillations in a similar manner to the pressure field. Figure 7 shows the pressure-time history recorded 12 by means of an experimental test 13 carried out using the same triplex pump at the same operational condition as discussed in the model description section of this paper. The pressure history in the experimental tests was recorded by acquiring the pressure signals at a frequency of 8.3 kHz at the same measurement point as the CFD model.
Experimental data
The experimental tests were performed utilising all three chambers of the triplex pump, a non-constant delivery and inlet pressure resulted, and this can be observed in Figure 7 . The experimental induction and delivery stroke pressures fluctuated because of the mutual interaction between the chambers. In the delivery stroke, three main high amplitude waves are visible, while in the inlet stroke the three waves barely appear. This implied that the initial experimental pressure in the pump chamber was smaller than the CFD counterpart.
The experimental inlet stroke pressure history of Figure 7 was included in the CFD inlet stroke pressure history of Figure 5 , Figure 8 resulted. of crank rotation. It can be observed that the CFD curve shows good accuracy within the 10 of decompression, as its slope is similar to the equivalent experimental curve. Furthermore, the CFD inlet stroke pressure history closely follows the trend of the experimental data throughout the 50 -180 range of crank rotation although the experimental data is affected by fluctuations. Figure 8 (a) and (b) also shows that, in the experimental curve, the high frequency fluctuations occurring in the chamber within 10 -50 of crank revolution are absent.
Conclusion
In this paper, a 3D, transient, single-phase CFD model of a positive displacement reciprocating plunger pump was presented. The induction stroke was simulated to represent a pump working at 260 delivery strokes per minute equivalent to a crank speed of 27.22 rad/s with 68:9 Â 10 5 Pa (1000 lbf/in 2 ) and 6:89 Â 10 5 Pa (100 lbf/in 2 ) inlet and delivery line pressure, respectively. Clean water was considered as the working fluid. The CFD model employed a dynamic mesh to model the valve lift and the plunger displacement. The unique feature of the model presented was the method utilised to manage the valve lift-time history. The valve lift model was independent of any external action of the analyst and was only dependent on the pump chamber fluid dynamics and spring force and was updated by the UDF every time step.
Experimental data from a triplex PD pump test was utilised to qualitatively verify the CFD results. The data from the triplex pump experiments could only be used to qualitatively verify the simulation as the data were strongly affected by the interaction between the three pump chambers. This interaction resulted in a fluctuating inlet and delivery pressure and a lower initial pressure in the pump chamber.
Comparison of the CFD results with experimental data showed reasonable accuracy in predicting the average chamber pressure during the induction stroke, they also showed a reasonable accuracy in predicting the decompression part of the inlet stroke with the inlet valve closed, as the CFD data pointed out a decompression rate in the pump chamber similar to the experimental results. The CFD model also showed a damped oscillation phenomenon occurring at the inlet valve opening time that was absent in experimental results. The nature of the damped oscillations in the field as the inlet valve opened was unclear and will be investigated further. The CFD simulation also demonstrated good reliability in following the valve dynamics as shown by the mass flow-time history, which resulted in a shift with respect to the theory prediction because of the valve inertia. This innovative capability makes possible further improvements: the next step of the research project will handle the extension of basic single-phase model to simulate cavitation with a multiphase model. In the case of cavitation, the chamber pressure does not depend solely on the plunger displacement, and hence the independent valve lift model discussed will be the only way to achieve good accuracy in predicting the performance of the pump in such a situation.
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